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EXPEDIENT GEOMETRY FOR THE DESIGN OF COMPOUND 
HIGHWAY CURVES WITH CONNECTION SPIRALS 


Robert D. Schacherl,’ A.M., ASCE and 
George J. Berindoague* 


This article sets forth an expedient method of calculating transition 
spirals when used as connections between compound curves on highway 
location. 

The principles of this method have been used in the projection of the 
horizontal alignment for the 310 miles long Cochabamba—Santa Cruz 
Highway in Bolivia now under construction. This projection involved 
the calculation of more than 3000 curves with transition spirals. 

Due to the mountainous character of the terrain involving very steep 
side hill slopes about 70% of these curves had to be compounded and it 
was considered impossible to locate the line directly on the ground. It 
was found necessary to prepare accurate contour maps based on a P— 
(preliminary) line traverse following only approximately the anticipated 
projected line. Then the L—(projected) line was designed on the con- 
tour maps, its accurate geometry established from P—line coordinates, 
and sufficient ties to the P—line calculated to enable the transit men to 
locate the projected line on the ground with frequent checks of accuracy. 
In some cases the discrepancies between the cross sections taken from 
the L-line established on the ground and those previously obtained from 
the contour maps were of such magnitude that shifting of the horizontal 
alignment was required; but generally it was possible to adjust such 
differences by slight modifications of the vertical alignment. 

In view of the necessity of the above mentioned office design pro- 
cedure it was not considered desirable to locate the center line of com- 
pound curves with connection spirals without first establishing the main 
tangents of a system of circular curves. 

The points of intersection of the projected line were placed at dis- 
tances and in a way which provide with long enough tangents and ade- 
quate intersection angles to allow for spirals of the lengths set forth 
and for circular curves of such length to permit the insertion of con- 
nection spirals. Anticipating approximately the shifting of the line pro- 
duced by the subsequent offsetting for the insertion of spirals, first cir- 
cular curves are assumed in such a manner as to obtain after insertion 
of the spirals a projected line in the situation desired. After some 
practice designers usually estimate very closely the offsetting referred 
to above. 


1. Bridge Engineer, “Knappen Tippetts Abbett McCarthy Engineers,” 
Cochabamba, Bolivia. (Mr. Schacher] died on October 19, 1953.) 

2. Civil Engineer, “Knappen Tippetts Abbett McCarthy Engineers,” 
Cochabamba, Bolivia. 
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The cubic spiral as developed especifically for highways by the U.S. 
Bureau of Public Roads in Joseph Barnett’s book entitled “Transition 
Curves for Highways” is the one used throughout the Cochabamba—Santa 
Cruz Highway. In this type of spiral the change in degree of curvature 
(arc definition) between any two points is proportional to the distance 
between them, (the lengths of spirals usually were chosen in conformity 
with PRA regulations) and its geometry when used as connection be- 
tween curves of different radii is the topic of the subsequent discus- 
sions. 

The standard nomenclature, definitions and formulae used by the 
U.S.B.P.R. as established in the book “Transition Curves for Highways” 
by Joseph Barnett, will be used. 

A spiral connecting two circular curves of degrees of curvature 
D,, and D,, can be considered equivalent to a spiral which would be 
used between a tangent and a circular curve of degree (., - Dc,). A 
line common to the two radii Rc, and Re, bisects the connection spiral 
L,, and the tangents to the circular curves at the points of intersection 
between the circular curves and the common radius line are parallel 
and separated by the distance p,. The offset p, between the two circu- 
lar curves is for practical purposes equal to the difference between p, 
and p,, the offsets of the circular curves, in the assumed case that they 
are connected to a main tangent by transitions L,, and Lg, of length 
equal to Lg. (See Fig. 1.) 

The offset p, as obtained in accordance with the former statement 
by substraction of p, from p, differs slightly from p, calculated by the 
use of the equivalent spiral angle 4,. 

In the following example the difference between p, calculated by the 
use of the equivalent spiral angle 6, and the value (p, - p,) is demon- 
strated: 


Example No. 1. 

Given: A compound curve of Dg, = 14° and Dg, = 25° with a connect- 
ing spiral of 150 ft. 

Required: To demonstrate the difference between p, and (p, - P,)- 

Solution: 


= Dee Dex) = (25° 14°) = 8.25° 


Using Table II of “Transition Curves for Highways” by Joseph Barnett 
for coefficients of p,, p,, and p,: 


L 150 Pa = 0.011995 x 150 = 1.799 
65, = 566 De. = 500 25° = 18.75°, p, = 0.02716 x 150 = 4.074 


6 = 14° = 10.50°, p, = 0.01526 x 150 = 2.289’ 


150 
200 


Pa (approximate) = (p, - p,) = (4.074 - 2.289) = 1.785' 
Difference p, - (p, - p,) = 0.014' 


This difference of 0.014 has been found to be very close to the max- 
imum difference possible for transitions of minimum length chosen for 
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the respective radii and design speeds from Table I of the book 
“Transition Curves for Highways” by Joseph Barnett, 1940 edition. As 
within the ranges of said Table I the maximum difference has been 
found to occur for a transition of minimum length of 150 ft. the corres- 
ponding percentage of difference also is a maximum. Expressing the 
difference of our specific example in conventional terms of precision 
related to the length of traverse, an inaccuracy of oon = 1 in 10714 
results. The precision required for preliminary and located lines 
usually ranges from 1 in 3000 to 1 in 5000; and as the connexion 
spirals usually represent a limited percentage of the total length of a 
line, the small differences in p, referred to above generally do not re- 
flect a serious factor in the accuracy of highway location. 

However, if spirals outside of the ranges of the minimum transition 
lengths recommended in Table I of the book “Transition Curves for 
Highways” by Joseph Barnett are used, it may be necessary to evaluate 
the difference in p, before its approximate value (p, - p,) is used. 

Accepting that for practical purposes p, and (p, - p,) are inter- 
changeable, a simple method of providing for the insertion of transi- 
tions of equal length in a system of compound curves at the P.C. each 
P.C.C. and P.T. results by maintaining the center of each circular 
curve at the bisector of its respective central angle, offsetting the cir- 
cular curve from both main tangents by its respective p, calculated for 
the assumed case that the circular curve is connected to a main 
tangent; then each transition is inserted to replace the produced por- 
tions of both circular curves it connects. 

As an illustration of the method proposed the calculations for the 
characteristics of a four PI compound curve will be developed in 
Example No. 2. In order to show a very general case the first three 
curves are assumed to become prpgressively sharper while the fourth 
curve is flatter than the third and in addition thereto assumed to be 
transitional throughout. Form No. 1 developed for the expedient or- 
ganization and sequence of computations will be demonstrated and used 
as well as the graphs basically shown hereon. These graphs were con- 
ceived by the writers and are excerpts from a set covering the ranges 
of transitions of minimum length, (150', 200', 250' , 300’, 350', and 
400’ ), chosen for the respective radius and design speed from Table I 
of the book “Transition Curves for Highways” by Joseph Barnett. This 
set is in the process of being developed with the aid of Table V of the 
above mentioned book. In order to read them to the nearest hundredth 
of a foot their original size is larger carrying more subdivisions than 
the reproductions shown herein. 


Example No. 2.—(Refer to Fig. 2) 
Given: Distances between PIs as calculated from their coordinates: 


PI No. 10 - PI No. 11 = 731.03 ft. 
PI No. 11 - PI No. 12 = 424.10 ft. 
PI No, 12 - PI No. 13 = 321.25 ft. 


Intersection angles as calculated from the tangent’s bearings: 
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A,, = 15° 16’ 


Ai. = 16° 48' 
4,, = 37° | 
10° 10 
P Design speed = 40 miles per hour 


Lg = 150 ft.; Lg = 150 ft. 
Station S.T. at Pl No. 10 = 8 + 21.22 | 


T, at PI No. 10 = 212.25 ft. 
By scaling from the projection, T,, = 265 ft. 


Required: To establish a compound curve connected with transition 
spirals; curve at PI No. 14 to be transitional throughout. 
Solution: (Refer to Fig. 3) 


PI No. 11. 

Fill in Form No. 1, (sheet 11) with the known data: PI No. 11, 
A = 15° 16’, 4/2 = 7° 38’, Le = 150 ft., Lg = 150 ft., T,, = 265, and at 
the bottom of the sheet the distance from PI No. 10 to PI No. 11 = 
731.03 ft., T, (back) = 212.25 ft. Station S.T. (back) = 8 + 21.22. 

The following values are computed in the sequence followed hereon 
by the respective formulae and the results inserted at the respective 


designations. 


(1) (Re + p)= = = 1977.32 ft. 


Entering GRAPH 1 with (R, + p) = 1977.32, p = 0.47 ft. 
R,= (R, + p) - p= 1977.32 - 0.47 = 1976.85 ft. 

Ente1 ing GRAPH 2 with R, = 1976.85, k = 75.00, L.C. = 149.99 
Entering GRAPH 3 with R, = 1976.85, x = 149.98 

Entering GRAPH 4 with R, = 1976.85, y = 1.89 


(2) T, = (T + k) = 265.00 + 75.00 = 340.00 ft. 


_ 5729.58 5729.58 _ 
(3) De= Ro 1976.85 2.8983 


4) 0. = = 152 2 gogse = 2.17379 


(5) Ac = 4-26, = 15.2667° - 4.3474° = 10.9193° 


Ac 10.9193° 
(6) Le = 100 5 = 100 -5-syggr = 376.75 ft. 


The characteristics of the connexion spiral No. 1 cannot be figured 
before the curve at PI No. 12 is calculated, therefore formulae (7) 
through (9) will be used later. 
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The stationing at the T.S., S.C., C.S., and S.C. is obtained by the 
operations shown at the bottom of Form No. 1 (sheet 11). 


PI No. 12. 

Fill in Form No. 1 (sheet 12) the known data: PI No. 12, 4= 16° 48, 
A /2 = 8° 24', (the assumed Lg = 150 ft.) Lg = 150 ft., Distance from 
PI No. 11 to PI No. 12 = 424.10 ft., T,, (back) = 265.00, thus T,, (ahead) 
= 424.10 - 265.00 = 159.10 ft. Station S.C. = 16 + 76.75. 

The following values are computed, and tabulated on sheet 12, Form 
No. 1. 


(1) (R, + p) = oer = 1077.40 ft. 


Entering GRAPH 1 with (R, + p) = 1077.40, p = 0.87 ft. 
Fc = (Re + p) - p= 1076.53 ft. 


The values of k, L.C., x, and y are omitted as they only are of use 
for spirals running into a tangent. 


5729.58 _ 
= [076.53 ~ 


_ 150 
300 5.3223° = 3.9917 


16.8000° - 7.9834° = 8.8166° 


8.8166 _ 
= 100 Sa55q = 165.65 ft. 


The following characteristics of the connection spiral No. 1 calcu- 
lated by formulae (7) through (9) are tabulated on sheet 11 of Form 
No. 1. ; 


= O52 - 9g, = 3.9917 2.1737 = 1.8180° 
= 9.,+ 95, = 3.9917° + 2.1737° = 6.1654° = 6° 09.9! 
= pp - P, = 0.87 - 0.47 = 0.40 ft. 


The stationing is listed on the bottom of sheet 12. Form No. 1. 


PI No. 13. 

The characteristics of the curve at PI No. 13 and of connection 
spiral No. 2 are calculated in a similar way to PI No. 12. They are 
listed on Form No. 1, sheets 13 and 12. 


PI No. 14.—(Transitional throughout) 

Fill in Form No. 1, sheet 14 the known data: PINo. 14, A= 10°10', 
A/2 = 5° 05', Lg = 150 ft., La = 150 ft., Station S.C.S. = 23 + 03.95. 

The following values are computed and tabulated on sheet 14 of 
Form No. 1: 


(10) @,= A/2 = 5° 05' = 5.0833° 
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(5) A. = 
| i! 
(7) 64 
(8) A, 
(9) Pa 
| 


_ 200 _ 200 
(11) = 9s = 5.0839 6.7777" 


_ 5729.58 5729.58 _ 
Re = = 845.36 tt. 


The following values of p, k, L.C., x, and y are obtained from 
GRAPHS 1 through 4 in a similar way as in the computations concern- 
ing PI No. 11: 


p= 1.11, k = 74.98, x = 149.88, y = 4.43, and L.C. = 149.95 


(The value of y is obtained from the third sheet of GRAPH 4 which is 
not shown hereon.) 


(1) T=(R,+p)tg 4/2 = (845.36 + 1.11) tg 5° 05’ = 75.29 = T,, 


The distance from PI No. 13 to PI No. 14 is, 
T,, + Ty, = 162.15 + 75.29 = 237.44 ft. 


(2) Ts = T + k= 75.29 + 74.98 = 150.27 ft. 


The characteristics of the connection spiral No. 3 calculated by 
formulae (7) through (9) are tabulated on sheet 13 of Form No. 1. 

The stationing is listed on the bottom of sheet 14 of Form No. 1. 

The complete horizontal alignment data concerning PIs No. 11 
through 14 as calculated above are given on the plan shown in Fig. 4 
(superelevations and widenings are not shown). 

The calculations referring to the foregoing example also could have 
been performed less rapidly using Table V of “Transition Curves for 
Highways” by Joseph 8arnett in lieu of its extension by GRAPHS 1 
through 4. In this case, once the value (R, + p) is known, the p value 
in accordance with the D, corresponding to a radius (R, + p) is sub- 
tracted from (R, + p) to obtain the first trial value of R,, then the cor- 
responding D, is calculated again and the new p corresponding to the 
recently obtained D, is figured and subtracted from (R, + p) to obtain 
the second (closer) trial value of Rc, and the preceding operation is 
carried on until the value obtained for p remains constant. 

On the other hand the graphs give direct solutions and without the 
need of interpolations. 

With the exception of formula (9) completely explained, formulae (1) 
through (11) exposed in Example No. 2 are well known formulae or in 
some cases were derived from such formulae which can be found in 
“Transition Curves for Highways” by Joseph Barnett. Formula (5) 

Ac =4 - 24g is given in the above mentioned book for single center 
curves but also holds for compound curves with connection spirals of 


equal length since A, = on De, and A, = bs De, which for Lg = Ly 
and for the same degree of curvature produce the same results as 

L 
65° mo D,. Ina similar way formulae (7) and (8) covering 9 and 


A, are interchangeable with the general formulae since, 
500-6 


| 


95, or, 


Des = Pes) = 


L, D L, D 
and 4, = 4,+ 4, = 95, + (See Fig. 1) 


provided L, = Ly. 


In the rare cases where due to special conditions in a compound 
curve the use of spirals of unequal length is imperative, the centers of 
all circles can no longer be maintained at the bisectors of the respec- 
tive central angles due to the fact that the two p values concerning the 
same “produced” circle are different varying with the length of the 
spirals. In these cases the following modifications of the design 
method described may be used: 

The first curve is computed offsetting the corresponding amount p 
from its end tangent and coming tangent to the original tangent ahead. 
The next curve is computed by the trial method, offsetting from the 
tangent back the corresponding amount p, inward or outward respec- 
tively for a curve sharper or flatter than the preceding one, and coming 
tangent to the tangent ahead, except for the case that this is an end 
tangent. The following curves are computed the same way except the 
last one which is offset the respective amount p, from the tangent to 
the foregoing curve and the corresponding amount p from the end 
tangent. In a two center compound curve the second curve is computed 
in the same manner as the last curve of a multicenter curve. 

This method results rather complicated and cumbersome and would 
require the skill of a highly qualified designer because all but the first 
curve of a compound system are to be calculated by trial methods in- 
volving also the repeated trigonometrical calculations of variations in 
tangent distances due to the variations produced in the consecutive ap- 
proximations of p and p, values. 

In view of the foregoing expositions it is considered desirable to 
avoid, where possible, the use of different spiral lengths in any one 
compounded system of curves, in order to be able to follow the expedient 
calculation method illustrated in Example No. 2. 

The writers gratefully wish to acknowledge Mr. Gerald S. Rinehart, 
M.ASCE Project Engineer for “Knappen Tippetts Abbett McCarthy 
Engineers” for the permission granted to use data applied in the pro- 
jection of the Cochabamba-Santa Cruz Highway; Mr. Joseph Barnett, 
and the U. S. Bureau of Public Roads as free reference has been made 
to their publications. 
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Subscripts | refer to the flatter 
curve and subscripts 2 to the 
Sharper curve. 


FIG.1. The offset pa between two circular curves of radii Rei and 
Ree, connected by a transition spiral La is practically equal to the 
difference between pz and p,, the offsets of the circular curves 


if the were connected to main tangents by the assumed spirals 
Ls: and Lse of length equal to La. 
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(Sheet 44) 


FORM |, CURVE DATA 


b/2*.7° 36’ _____. 
CONNECTION SPIRAL CIRCULAR CURVE 


THROUGHOUT : 


"TRANSITIONAL THROUGHOUT" REFERS ONLY TO CURVES 
CONNECTED TO ONE OR TWO TANGENTS. 


FOR CONNECTION SPIRALS - 


SUBSCRIPTS | REFER TO FLATTER 
CURVE AND SUBSCRIPTS 2 TO 
SHARPER CURVE. 


STATIONS. 
$.T. (BACK)___ @* 2422 


/OF 00.00 


S.c. 46 76-75 


FORMULAE 


Ls 
@ @s s 200 x Oc 
@ c= 4-20s 


@ tc 100 De 


O @a= +2 (Oce- Dei) = Os2-Os: 
,200 


ha: (Dc2+ Dci) = Os2 + Osi 


pa= pe-pi 


Ts( BACK) 
Ts(AHEAD) 

= TANGENTS = 
INTERMEDIATE TANGENT 


TRANSITIONAL 
x = £49.98... 
_____ 
pam | 
@ Ts = (T+ k) 
5729.58 
FOR CURVES TRANSITIONAL THROUGHOUT”: @ @s =4/2 @ Oc = #00. X @s im 
DISTANCE FROM TOPLN®? “4 = 
552.26 | 
Ls_ _ £78.78 | 
7750.00 
be 2776.75 __ 
Gs. 26.75 
La 20.00_ 
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478(SM)°, 479(HY)©, 480(ST)©, 481(SA)°, 482(HY), 483(HY). 


SEPTEMBER: 484(ST), 485(ST), 486(ST), 487(CP)°, 488(ST)°, 489(HY), 490(HY), 491(HY)°, 492(SA), 493(SA), 494(SA), 
495(SA), 496(SA), 497(SA), 498(SA), 499(HW), 500(HW), 501(HW)°, 502(WW), 503(WW), 504(WW)°, 505(CO), 506(CO)<, 
507(CP), 508(CP), 509(CP), 510(CP), 511(CP). 


a. Presented at the New York (N.Y.) Convention of the Society in October, 1953. 

b. Beginning with “Proceedings-Separate No. 290,” published in October, 1953, an automatic distribution of papers was in- 
augurated, as outlined in “Civil Engineering,” June, 1953, page 66. 

c. Discussion of several papers, grouped by Divisions. 

d. Presented at the Atlanta (Ga.) Convention of the Society in February, 1954. 

e. Presented at the Atlantic City (N.J.) Convention in June, 1954. 
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